The trend in silicon photonics, in the last few years has been to reduce waveguide size to obtain maximum gain in the real estate of devices as well as to increase the performance of active devices. Using different methods for the modulation, optical modulators in silicon have seen their bandwidth increased to reach multi GHz frequencies. In order to simplify fabrication, one requirement for a waveguide, as well as for a modulator, is to retain polarisation independence in any state of operation and to be as small as possible. In this paper we provide a way to obtain polarisation independence and improve the efficiency of an optical modulator using a V-shaped pn junction base on the natural etch angle of silicon, 54.7 deg. This modulator is compared to a flat junction depletion type modulator of the same size and doping concentration.
Introduction
Silicon photonics has experienced rapid development in recent years and several significant results have been reported, demonstrating the viability of the technology [1] [2] [3] [4] [5] . In the design of an optical modulator, four factors are of major importance, the waveguide size, the bandwidth, the efficiency (Lπ.Vπ) and polarisation independence. The use of depletion modulators using a pn junction is an answer to the bandwidth requirement in silicon photonics as the speed is not limited by the minority carrier lifetime. The drawback of such a technology is that the length required to achieve a π phase shift in a rib waveguide is in the order of millimeters [5] . In order to improve the real estate of depletion modulators on an optical chip, the efficiency of these devices need to be improved. The solution could be to use smaller waveguide size as proposed in Ref. [5] , where the confinement of the mode in a submicron waveguide increase the efficiency of the modulator. The issue with submicron waveguides is the need for efficient optical coupling for TE and TM polarization [6] , as well as losses in the waveguide due to surface roughness and fabrication tolerances. In this paper, we try to provide a solution to the remaining issues, by inserting a pn junction in a micrometer size waveguide which was demonstrated to be polarization independent in Ref. [7] . The proposed modulator is a pn junction formed by a V-shape structure, as shown in Fig. 1(b) . This structure will be compared to a more common structure [5] where a flat pn junction is used as shown in Fig. 1(a) .
Device modelling

Optical modelling
The optimal design of the proposed optical modulator relies critically, inter alia, on the highaccuracy modelling of the dielectric waveguide structure. The high-index contrast between the silicon and silicon-oxide regions results in a pronounced localization of the weak quasi-TE and quasi-TM field-components at the corners of the dielectric heterostructure, where occasionally they can become comparable in magnitude with the strong field-components. This, combined with the non-piecewise-linear variation of the refractive indices at the middle region, invalidates the use of approximate semi-analytic techniques, such as the effective index method, and at the same time it may render an accurate deployment of commercial modeanalysis tools overly difficult. To overcome such limitations, and to reliably characterize the birefringence-free, single-mode waveguide, we developed a fully-vectorial finite-difference frequency-domain (FV-FDFD) mode-solving method, whose accuracy and lattice convergence have been thoroughly tested in our previous works [10] [11] . The method computes the E-or H-field eigenvectors of the vectorial wave equation and takes into account the polarization, vector properties and discontinuity of the guided modes at the dielectric interfaces, including the corner regions. The active modulators are introduced to the model, by fitting the change in refractive index provided by the simulation of the carrier distribution in the devices into the mode solver. The effective index change of the waveguides for different voltages is then determined, hence calculating the optimum length in order to achieve a π phase shift (Eq. (1) below). The same method has been used to characterise the transient behaviour. The carrier concentration changes at any given bias, are introduced into the mode solver for different transient times, hence giving a dynamic change in effective index. Thus using Eq. (1) below, the phase shift induced with time can be evaluated. 
Electrical modelling
The devices were modeled for both their static and dynamic behavior using Atlas, the device simulation package from Silvaco [9] . Atlas device simulation framework predicts the electrical behavior of semiconductor devices. It provides a physics-based platform to analyse DC and time domain responses for semiconductor based technologies, by solving the equations which describe semiconductor physics such as Poisson's equation and the charge continuity equations for holes and electrons. The simulator has been used to predict the free carrier concentrations in the waveguiding region of the devices for both DC and transient biasing conditions. The change in the free carrier profile is then converted to refractive index profile in the device using the expressions given by Soref and Bennett (Eq. (2) of [8] ). To determine the voltage associated with a π-phase shift, the change in concentration of free carriers must be known. Assuming a non uniform change in refractive index, the active device length required to produce the refractive index change associated with a π-phase shift is obtained approximately from the change in effective index.
Where λ is the operating wavelength, L π is the active length of the modulator and ∆n eff is the change in effective index induced by the change in refractive index ∆n in the waveguide. At 1.55 µm, which is also the operating wavelength for all simulations here, the refractive index change ∆n is given by
where ∆n e is the change in refractive index resulting from the change in free electron concentration, ∆n h is the change in refractive index resulting from the change in free hole concentration, ∆N h is the change in free holes concentration and ∆N e is the change in free electron concentration. 
Simulation results
Waveguide structures
The two modulators are based on a polarisation independent, single mode rib waveguide published in Ref. [7] . The dimensions are: Height, H=1.35 µm, Width, W=1 µm and etch depth, E=0.83 µm. The modulator structures are based on a wing design, proposed by Liao et al for the MOS capacitor modulator [1] . Both use the depletion of a pn junction in order to change the effective index of the mode propagating in the waveguide. The main difference between the modulators is the shape of the pn junction. Figure 1(B) shows the proposed polarisation independent V-shaped junction, this is created with an angle of 54.7 degrees which is the natural etch angle of silicon. Figure 1(A) shows a flat pn junction across the waveguide. As the two waveguides are approaching polarisation independence due to their design structure the aim is to show the differences in the phase shift for TE and TM polarisation between both designs while applying a reverse bias.
Efficiency of the modulator and positioning of the junction inside the waveguide
The simulations undertaken below are to determine the polarisation independence of the waveguide during modulation. Figures 2(A) and 2(B) show the phase shift achieved for different junction positions and voltages. Junction position is measured from the buried oxide in the case of the flat junction. In the case of the V-shaped junction, the position of the intersection between the sidewalls and the top of the'V' is measured from the buried oxide (see Fig. 1 ). Figure 2 shows similar results for the flat junction and Fig. 2(B) shows the simulation resulting from the V-shape junction. Each curve is a plot of the phase shift achieved, at a given bias voltage, as a function of position of the junction. In order to achieve polarisation independence during modulation the positioning of the junction inside the waveguide was changed and the phase shift was calculated for TE and TM, for reverse bias voltages varying from 0 to 10 volts. Figures 2(A) and 2(B) show that when the TE and TM curves intersect at a given bias voltage, polarisation independence is achieved for a specific junction position for both type of junctions and is consistently observed at the same depth for reverse bias varying between 0 and 10 volts. For the particular rib waveguide studied in this paper, polarisation independence is obtained at a depth of 0.87 µm for the v-shaped junction and 0.5 µm for the flat junction. Furthermore by considering taking the structure where polarisation independence is achieved, the best Lπ.Vπ efficiency is obtained for the v-shaped junction with Lπ.Vπ=2.5 V.cm compared to Lπ.Vπ=3.1V.cm for the flat junction. These results show that the V-shaped pn junction can achieve the same efficiency as the modulator proposed in Ref. [5] without the problems involved with submicron waveguides. The efficiency of a modulator comes from the overlap of the mode profile and the refractive index variation due to the carrier distribution change. Hence the more carriers that are removed from the overlap region for a specific reverse bias, then the better the efficiency will be. The p type region, also play an important role in the efficiency as the concentration holes plays a more dominant role than the concentration of electrons in the refractive index change. Intuitively one would expect TE and TM modes to be affected equally if a junction could be fabricated at 45 degrees to the major TE and TM axes if the TE and TM axes were identical, but simply rotated by 90 degrees with respect to one another. However, because the mode shapes are different, some other angle is likely to be optimal. However, the flat junction will definitely not be optimal and will probably shows the most extreme polarisation dependence. That can be mitigated to some extent, by translation of the junction vertically. Thus it is not surprising that the flat junction shows more polarisation dependence than the V-shaped junction, which in turn, must be nearer to the optimal angle than the flat junction. The V-shaped junction will also be more phase efficient than the flat junction, simply because the V-shape results in a greater net length of the junction and hence in more net depletion.
The next step is to determine the intrinsic bandwidth of both modulators. This is done by calculating the phase shift against transient time and is shown in Figs. 3(A) and 3(B) for TE and TM polarisation and for the flat and V junction, respectively.
The transients show that the rise and fall time are similar for the both types of junctions. For this type of doping, the V-shape junction has a rise time of 13 ps and a fall time of 23 ps for both TE and TM. For the flat junction the rise time is 12ps and the fall time is 21ps for both TE and TM. In both cases, this corresponds to an intrinsic bandwidth in excess of 15 GHz.
Conclusion
We have studied two 5 mm long depletion type modulators inserted in a micrometer size rib waveguide, that has already been demonstrated in Ref. [7] to be polarisation independent and single mode. The two modulators have been simulated to maintain polarisation independence for a specific position of the junction inside the waveguide during modulation. The intrinsic bandwidth has been calculated to be above 15 GHz for both modulators while retaining polarisation independence. Furthermore the Lπ.Vπ performance metric for the V-shaped modulator equals that of the modulator proposed in Ref. [5] for the submicron depletion modulator, and exceeds that of [1] . The proposed modulator is therefore a serious candidate for optical modulation in silicon photonics easing some of the difficulties arising from designs based around sub-micrometer waveguides, whilst retaining polarisation independence and an efficiency comparable to sub-micrometer waveguide based depletion modulators.
